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Dijet, dihadron, hadron-jet angular correlations have been reckoned as important probes of the
transverse momentum broadening effects in relativistic nuclear collisions. When a pair of high-energy
jets created in hard collisions traverse the quark-gluon plasma produced in heavy-ion collisions, they
become de-correlated due to the vacuum soft gluon radiation associated with the Sudakov logarithms
and the medium-induced transverse momentum broadening. For the first time, we employ the
systematical resummation formalism and establish a baseline calculation to describe the dihadron
and hadron-jet angular correlation data in pp and peripheral AA collisions where the medium effect
is negligible. We demonstrate that the medium-induced broadening 〈p2⊥〉 and the so-called jet
quenching parameter qˆ can be extracted from the angular de-correlations observed in AA collisions.
A global χ2 analysis of dihadron and hadron-jet angular correlation data renders the best fit 〈p2⊥〉 ∼
13 GeV2 for a quark jet at RHIC top energy. Further experimental and theoretical efforts along
the direction of this work shall significantly advance the quantitative understanding of transverse
momentum broadening and help us acquire unprecedented knowledge of jet quenching parameter in
relativistic heavy-ion collisions.
Introduction — The strongly-coupled quark-gluon
plasma (QGP) was one of the most significant discover-
ies of the Relativistic Heavy Ion Collider (RHIC) exper-
iments, and later confirmed by heavy-ion experiments at
the Large Hadron Collider (LHC) [1, 2]. Jet quenching,
mainly characterized by parton energy loss and trans-
verse momentum broadening, is one of the most impor-
tant signatures of QGP [3, 4]. When a high-energy par-
ton traverses the hot QGP, it interacts with the medium
and radiates multiple gluons which take away a signif-
icant amount of the energy from the propagating par-
ton [5–17]. As a result, both the energy and trans-
verse momentum of the hard parton get modified. Stud-
ies of the nuclear modifications of high transverse mo-
mentum hadrons and full jets have shown large par-
ton energy loss effects at RHIC and the LHC [18–28].
In the Baier-Dokshitzer-Mueller-Peigne-Schiff (BDMPS)
approach [6–8], medium-induced energy loss and trans-
verse momentum broadening are related. Their strengths
are controlled by the so-called jet transport coefficient
qˆ = d〈p2⊥〉/dL, which reflects the density of the QGP and
may be interpreted as the transverse momentum squared
transferred between jet and medium per unit length. The
first effort to quantitatively extract the value of qˆ has
been performed by JET Collaboration via comparing sev-
eral theoretical calculations with experimental data for
single hadron production at RHIC and the LHC [21].
Since the start of RHIC [29], dijet (dihadron) angular
correlation has always been an important experimental
observable for jet quenching studies in heavy-ion colli-
sions, because its modification in nucleus-nucleus (AA)
as compared to proton-proton (pp) collisions can help
us to access the amount of medium-induced transverse
momentum broadening. However, quantitative under-
standing of dihadron angular correlations has been lack-
ing due to theoretical difficulties. Previous studies of di-
jet, dihadron, photon-jet and photon-hadron correlations
in heavy-ion collisions mainly focused on the effect of par-
ton energy loss on the modifications of the transverse mo-
mentum imbalance distribution and the away-side yield
[23, 30–32]. Recently, the Sudakov resummation frame-
work has emerged and provided excellent description of
dijet angular correlations in both pp and AA collisions
at the LHC [33–37]. This allows us to compute angu-
lar correlations in high energy collisions by taking into
account interesting medium effects, such as the induced
transverse momentum broadening, on top of the essen-
tial vacuum gluon showers. The objective of this work
is to generalize such resummation framework to perform
a systematic study of dihadron and hadron-jet correla-
tions. We will show that the angular de-correlations of
dihadron and hadron-jet pairs can provide a direct probe
of medium-induced transverse momentum broadening in
relativistic heavy-ion collisions. Using a global χ2 anal-
ysis of the dihadron and hadron-jet angular correlation
data, we further perform a quantitative extraction of jet
transverse momentum broadening 〈p2⊥〉 in QGP. Com-
pared to the effort by JET Collaboration [21], our ap-
proach stands as a new and complimentary method for
the quantitative understanding of jet transverse momen-
tum broadening and jet quenching parameter in relativis-
tic heavy-ion collisions.
Implementation of Sudakov factors and medium-
induced transverse momentum broadening — Our calcu-
lation is based on the recent development of the Sudakov
resummation in the presence of large medium [37, 38].
It was found that Sudakov resummation, which takes
into account the vacuum parton shower, can be separated
from the medium-induced broadening effect in the auxil-
iary b-space. The physics behind the separation of these
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2two effects is quite similar to the cold nuclear medium
case which has been studied in detail in Refs. [34, 35].
In this work, we generalize and apply this Sudakov re-
summation framework to dihadron and hadron-jet cor-
relations. For such purpose, we convolute partonic cross
sections with the corresponding collinear fragmentation
functions together with proper Sudakov factors associ-
ated with final state gluon radiations.
We now provide the formalism for calculating dihadron
correlation in central rapidity regime in relativistic nu-
clear collisions; the expressions for dijet and hadron-
jet productions are very similar. The differential cross-
section for dihadron production can be cast into [34–36]:
dσ
d∆φ
=
∑
a,b,c,d
∫
ph1T dp
h1
T
∫
ph2T dp
h2
T
∫
dzc
z2c
∫
dzd
z2d
×
∫
bdb J0(q⊥b)e−S(Q,b)xafa(xa, µb)xbfb(xb, µb)
× 1
pi
dσab→cd
dtˆ
Dc(zc, µb)Dd(zd, µb), (1)
where J0 is the Bessel function of the first kind,
dσ
dtˆ
is the leading order partonic cross-section, xa,b =
max(pcT , p
d
T )(e
±yc+e±yd)/
√
sNN are the momentum frac-
tions carried by the incoming partons from the parent
nucleons, fa,b(x, µb) are the parton distribution functions
(taken from CTEQ [39]), zc,d = p
h1,h2
T /p
c,d
T are the mo-
mentum fractions carried by the outgoing hadrons from
the parent jets, and Dc,d(z, µb) are the fragmentation
functions (taken from AKK [40]). The physical reason
which justifies the factorization formula is that different
elements receives different one-loop corrections from sep-
arated regions in the phase space of the radiated gluon
[38]. According to the derivations in the Sudakov re-
summation formalism and adopting the so-called b∗ pre-
scription [41], all the factorization scales in the above
expression are set to µb = c0/b∗ with c0 ≡ 2e−γE and
b∗ ≡ b/
√
1 + b2/b2max. Here q⊥ ≡ pcT + pdT indicates the
dijet transverse momentum imbalance, which originates
from the combination of initial and final state vacuum
radiations as well as medium-induced transverse momen-
tum broadening. The Sudakov factor S(Q, b) are func-
tions of the hard scale Q =
√
xaxbsNN and the Fourier
transform of q⊥ in the auxiliary b-space.
Using b∗ prescription, the contributions from vacuum
radiations to the Sudakov factor can be separated into
perturbative and non-perturbative parts [34–36]:
Svac(Q, b) = S
i
p(Q, b) + S
f
p (Q, b) + Snp(Q, b), (2)
where Sip (S
f
p ) denotes the initial (final) state contribu-
tion to the Sudakov factor from the incoming (outgoing)
partons, and Snp represents the total non-perturbative
contributions from both initial and final states.
At one-loop order, the perturbative Sudakov factor
Sip(Q, b) for initial state radiation can be written as:
Sip(Q, b) =
∑
i=a,b
∫ Q2
µ2b
dµ2
µ2
[
Ai ln
(
Q2
µ2
)
+Bi
]
, (3)
where the coefficients Ag = CA
αs
2pi , Bg = −CAβ0 αspi for
incoming gluons, and Aq = CF
αs
2pi , Bq = − 34CF αspi for in-
coming quarks. The final state perturbative Sudakov fac-
tor Sfp (Q, b) depends on jet or hadron production [42, 43].
For jet final state, an additional factor D ln 1R2 is added
along with the A, B terms to account for the contribution
from the gluon radiation outside the jet cone with size
R, where Dg = CA
αs
2pi for gluon jets and Dq = CF
αs
2pi for
quark jets. For hadron production, the final state radia-
tion effects are described by the same A, B coefficients as
the initial Sudakov factors. Note that for hadron produc-
tion at mid-rapidity, only half of the final state Sudakov
factors contribute to the azimuthal de-correlation.
The non-perturbative Sudakov factor Snp(Q, b) may be
contributed from initial and final states. For incoming
quark, the non-perturbative factor is given as [44, 45]:
Sqnp(Q, b) =
g1
2
b2 +
g2
2
ln
Q
Q0
ln
b
b∗
, (4)
where g1 = 0.212, g2 = 0.84, Q
2
0 = 2.4 GeV
2, and
bmax = 1.5 GeV
−1. For incoming gluon, Sgnp(Q, b) =
CA
CF
Sqnp(Q, b). Other choices of the non-perturbative part
yields similar angular correlation numerically [46, 47].
We note that due to the well-known issue of non-
universality [48, 49] in dijet processes in hadron collisions,
the non-perturbative Sudakov factors in dihadron and
hadron-jet productions are expected to be different from
those used in deep inelastic scattering (DIS) or Drell-Yan
(DY) processes. Being lack of quantitative understand-
ing of the non-universality, we rely on the numerical fit
to pp data; our best fit shows that we need to multiply
Snp(Q, b) as obtained from DY and DIS by a factor of
4.8 for dihadron and 1.3 for hadron-jet productions. Al-
though the non-perturbative Sudakov factor is process-
dependent, it could be universal for different momentum
cuts and collision energies for a given process.
To include the contributions from the medium-induced
transverse momentum broadening to the angular de-
correlations, a single resummed formula for the Sudakov
factor can be derived [37, 38]:
Smed(Q, b) = Svac(Q, b) +
b2
4
1
2
(〈p2⊥〉c + 〈p2⊥〉d) , (5)
where 〈p2⊥〉c,d indicates the amount of the medium-
induced broadening experienced by each outgoing jet, af-
ter averaging over different paths. The medium-induced
broadening for quark and gluon jets are related as
〈p2⊥〉g = CACF 〈p2⊥〉q. The factor 1/2 is to account for
the fact that at mid-rapidity, only half of the medium
broadening effect contributes to the azimuthal angle de-
correlation (the other half goes into the beam direction).
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FIG. 1. Normalized dihadron angular correlation compared with PHENIX [50] and STAR [51] data.
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FIG. 2. Normalized hadron-jet angular correlation compared with STAR [52] and the ALICE [53] data. A factor of 3/2 is
multiplied to the charged jet energy for our calculation to account for the energy carried by neutral particles.
Numerical results — Based on the above Sudakov re-
summation formalism which includes both vacuum and
medium-induced transverse broadening effects, we have
performed a comprehensive study of the angular corre-
lations of dijets, dihadrons and hadron-jets in both pp
and AA collisions at RHIC and the LHC energies with
various transverse momentum cuts.
First, we check dijet angular correlation at the LHC
for ptrigT > 120 GeV following Ref. [37], and find perfect
agreement with the CMS data [54] (not shown). We also
observe that the angular de-correlation is completely in-
sensitive to the medium-induced broadening effects and
the non-perturbative Sudakov contributions due to over-
whelming perturbative Sudakov contribution for high en-
ergy jet production at the LHC. This implies that one
needs to look for events with smaller jet energies or in
lower energy collisions in order to probe the medium-
induced transverse momentum broadening.
We then compute dihadron angular correlation in both
pp and AA collisions by convoluting final state partons
with the corresponding fragmentation functions together
with proper final state Sudakov factors. Here we fo-
cus on dihadrons with the transverse momenta larger
than 3-5 GeV to avoid large non-perturbative effects and
flow contamination. Also to minimize the contribution
from the intrinsic broadening of fragmentation functions,
larger transverse momentum hadrons are preferred. In
Fig. 1, we show our calculations of dihadron angular
correlations compared with PHENIX (charge dihadrons)
[50] and STAR (pi0 + charge hadron) [51] data. As we
are interested in the shape of the angular correlations, all
data and theoretical curves are normalized to unity. One
can see, with the perturbative Sudakov resummation and
the same setup for non-perturbative Sudakov factor, rea-
sonable descriptions of pp data are obtained for various
transverse momentum cuts. Both data and theoretical
calculations show that the transverse momentum broad-
ening contributed from the vacuum radiation tends to
flatten the shape of angular correlation. Using pp cal-
culations as the baseline, we calculate dihadron angular
correlation in AA collisions by incorporating the addi-
tional broadening effect due to jet-medium interaction.
We find that the amount of medium-induced transverse
broadening 〈p2⊥〉 ∼ 13 GeV2 can describe the AA data
from PHENIX and STAR.
Very recently, hadron-jet correlations in AA collisions
have been measured by both ALICE and STAR Collab-
orations [52, 53]. We compute hadron-jet angular corre-
lations by convoluting one final state jet with the corre-
sponding fragmentation function, combined with proper
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FIG. 3. Normalized dijet q⊥ distributions for dihadron (HH)
and hadron-jet (HJ) correlations in pp collisions for various
transverse momentum cuts at RHIC and the LHC.
final state Sudakov factors as well as jet cone contribution
for the other jet. Here we use the peripheral AA data as
the baseline assuming that the medium effect is negligible
there. As shown in Fig. 2, hadron-jets measured by the
ALICE are not sensitive to medium-induced broadening
effect due to tremendous amount of vacuum Sudakov ef-
fects. However, hadron-jets measured by STAR are quite
sensitive to the medium effect and can help us to probe
the transverse momentum broadening experienced by the
hard jets traversing the QGP medium. The comparison
with STAR hadron-jet data gives 〈p2⊥〉 ∼ 13 GeV2, sim-
ilar to dihadron result. We mention that STAR and the
ALICE data have not yet been corrected for azimuthal
smearing due to uncorrelated background. We also note
that for hadron-jets (and dijets), only the radiation out-
side jet cone contributes to the angular de-correlation.
Therefore, by varying the jet size, the medium effects on
jet internal structure may be studied as well.
For a better understanding of the sensitivity of the an-
gular correlations to medium-induced broadening effects,
we show in Fig. 3 the normalized dijet q⊥ distributions
for dihadrons and hadron-jets in pp collisions for vari-
ous transverse momentum cuts at RHIC and the LHC.
The peak value (denoted as q∗⊥) of the distribution in-
dicates the typical value of dijet transverse momentum
imbalance due to the vacuum Sudakov effect. Using the
pocket formula q∗2⊥AA ' q∗2⊥pp + 〈p2⊥〉, we can see that
smaller transverse momentum jets are in general more
effective in probing the medium-induced broadening ef-
fect via dihadron and hadron-jet angular correlations due
to smaller vacuum Sudakov effect.
Finally, we perform a global χ2 analysis by combining
dihadron and hadron-jet angular correlation data from
STAR (PHENIX dihadron data are not included in the
analysis due to large uncertainties). Here we focus on
the region |pi − ∆φ| < pi/4 to suppress the contribution
from the rare hard processes. Using CERN MINUIT
package [55], our χ2 analysis yields the transverse mo-
mentum broadening 〈p2⊥〉 = 13+5−4 GeV2 for a quark jet
in central Au-Au collisions at 200A GeV at RHIC. Note
that our resummation formalism includes the contribu-
tions up to next-to-leading logrithmic (NLL) accuracy;
the quoted (1σ) errors do not include the uncertainties
from the high-order corrections beyond NLL.
To directly compare to the JET result [21], we fur-
ther extract the jet quenching parameter qˆ by convo-
luting the angular distribution with a realistic modeling
of the collision geometry and the initial jet production
locations from the Glauber model, and the space-time
evolution of the medium simulated via the OSU (2+1)-
dimensional viscous hydrodynamics code [56, 57]. Con-
sidering the radiative correction to the medium-induced
broadening 〈p2⊥〉 and qˆ [58–62], we take the leading dou-
ble logarithmic resummed expression from Ref. [59]:
〈p2⊥〉 = qˆLI1
[
2
√
α¯s ln
(
L2/l20
)]
/
[√
α¯s ln
(
L2/l20
)]
, with
α¯s = αsNc/4pi, I1 the Bessel function of the second
kind, and l0 the size of the medium constituents (we use
αs = 1/3 and l0 = 0.3 fm in the calculation). As a com-
mon practice, we relate the leading-order qˆ to the medium
temperature as qˆ ∝ T 3. The χ2 analysis with MINUIT
package renders qˆ0 = 3.9
+1.5
−1.2 GeV
2/fm for a quark jet
at τ0 = 0.6 fm/c (the starting time of hydrodynamics)
at the center of the medium produced in central Au-Au
collisions at 200A GeV at RHIC. Our central value is
a few times larger than (but not inconsistent with) the
value qˆ0 = 1.2
+0.3
−0.3 GeV
2/fm for a 10 GeV quark jet ex-
tracted by JET Collaboration by comparing with the nu-
clear modification of single hadron production [21]. We
also estimate the contribution from jet energy loss and
find that its influence on the angular distribution is weak.
However, due to the flatness around the minimum χ2
value mainly originating from the large error bars in the
data, a 5-10% fractional energy loss on the associated jets
leads to the increase of the central qˆ value by 15-35%. A
detailed analysis of jet energy loss and its effect on the
nuclear modifications of dihadron and hadron-jet angular
correlations as well as yields is left to a future study.
Discussion and conclusion — To conclude, we have
applied the Sudakov resummation formalism, including
the contribution from medium-induced transverse mo-
mentum broadening effect, to compute dijet, dihadron
and hadron-jet angular correlations in pp and AA col-
lisions at RHIC and the LHC. We have demonstrated
that the shape of the angular correlations can provide a
new gateway to quantify the medium-induced broaden-
ing experienced by the hard jets. The comparison with
RHIC dihadron and hadron-jet angular de-correlation
data allows us to extract the medium-induced broadening
〈p2⊥〉 ∼ 13 GeV2 for a quark jet at RHIC top energy. We
believe that with more precise experimental data on dijet,
dihadron and hadron-jet angular correlations, one is able
5to acquire more precise understanding of jet quenching
parameter and the properties of hot QCD medium cre-
ated in relativistic heavy-ion collisions.
We note that our framework can be applied to study
the nuclear modifications of dijet (dihadron) momen-
tum imbalance distributions and the triggered away-side
yield. It can also be generalized to calculate dihadron
productions in forward rapidity region and study the
gluon saturation effect. As a final remark, dihadron and
hadron-jet correlations for RHIC beam energy scan may
serve as an additional indicator for the formation of QGP
medium due to their sensitivity to the medium broaden-
ing effect while qˆ of cold nuclear matter [7, 63] is at least
an order of magnitude smaller than that of the hot nu-
clear medium.
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